Introduction
The fact is generally known that all human societies depend on the availability of natural resources (coal, iron, nonferrous metals, precious metals, industrial minerals, etc.) and possibility of their use [1] . One of three main conclusions of The World Summit on Sustainable Development, held in Johannesburg from 08/26/2002 -4/9/2002, was that the concept of sustainable development underlines that long term efficient development, both for developed and developing countries, has to be based on three favorite topics: environmental protection, economic development and social cohesion, both on national and global levels.
The used minerals to obtain different products are very important for everyday life. Also, they are raw materials for various industries, including ceramics, construction, cosmetics, detergents, drugs, electronics, glass, metal, paint, paper and plastics. Mining and mineral processing has played a vital role in the history and economy of the following Western Balkan countries, comprising Albania, Bosnia and Herzegovina, the Former Yugoslav Republic of Macedonia, Kosovo (Territory under the Interim UN Administration), Montenegro and Serbia. Mining the polymetallic ores, jointly with the metal extraction process, is one of the most powerful industrial sectors. In the period until early 1990, this area was the main European source of copper, lead and zinc but, with disintegration the Yugoslav common market, led to worsening the economic conditions in the region, and after this period came to a sharp fall in industrial production, closing the mines. In a short period, the pollution was reduced as the result of active mining, but at the same time the conditions were created for continuation of pollution as the result of unclear and incomplete defined legal procedures that did not precisely establish the environmental responsibility in leaving or privatization the mining and mining-metallurgical plants [1] .
Very extensive activities, both by the open pit and underground mining, are the essential characteristics of mining activities. These activities in conjunction with metallurgical activities further continue to cause a serious negative impact on the environment generating large amounts of solid waste and hazardous substances, air pollution, negative impacts on the land use and biodiversity, pollution and water availability. Noise and vibrations, the use of energy sources, visual effects are also negative consequences of mining and metallurgical activities. In addition to the active sites, thousands of "old" or "depleted" sites are scattered in the region. Reduction the risk of accident situations and prevention the environmental pollution, with the problems that occur with unresolved issues of ownership of the same locations in such places, is technically and economically very difficult.
Problems of mining sites as a part of industrial hot spots on the Balkan Peninsula are the subject and topic of the Project carried out by the UNDP-led Western Balkans Environment Programme with the support of the Dutch Government and others. Large amounts of solid and liquid waste contain harmful and toxic substances such as cyanides, heavy metals and other harmful and dangerous substances, which have a negative impact on the eco and biosystems [2, 3] . Cyanide discharge into the Baia Mare River in Romania is the result of incidences the failure of tailing dams at the Baia Mare Gold Mine in Romania and Aznalcollar Zinc, Lead and Copper Mine in Spain that cause many years of pollution the river Rio Tinto in Spain. In general, the environmental impacts of metal mining are likely to be greater than for other minerals, due to the often used toxic chemicals in the separation of minerals [1, 2, 4] .
Copper is one of the essential materials to man since the time of pre-history. The fact that one of the eras of human history called the "Bronze" age and the name comes from copper alloy -bronze. It has found its very wide use thanks to good physical-chemical properties (fatigue resistance, strength, and excellent electrical and thermal conductivity, corrosion resistance). It remains one of the most used and reused of all metals. The demand for copper is due to its good strength and fatigue resistance, excellent electrical and thermal conductivities, outstanding resistance to corrosion, and ease of fabrication. Copper offers the moderate levels of density, elastic modulus and low melting temperature. It is used in the electrical cables and wires, switches, plumbing, heating, roofing and building construction, chemical and pharmaceutical machinery. It is also used in the alloys such as brass and bronze, alloy castings, and electroplated protective coating in the undercoats of nickel, chromium, and zinc.
According to data about the world copper mine production expressed in million metric tons of Cu content for the first years of twenty first century [5] , it is clear that there is an almost steady increase of world copper mine production from 12.8 to 14.9 million tones of Cu content in the period from the end of twentieth century till nowadays. The copper ore deposits in Europe are limited and found in Poland, Serbia, Montenegro, Portugal, Bulgaria, Sweden and Finland [6] .
The first mining operations in the Republic Serbia, related to the exploitation of copper ore in Bor, began in the early 20 th century, more precisely in 1903. Exploitation of copper sulfide ores is carried out both by underground mining and open pit mining. Further course of ore processing requires a complex treatment in which the low-grade ore is enriched in the flotation concentration process in order to obtain the copper concentrate. This operation is used for material preparation for the pyrometallurgical process to obtain the anode copper. The final stage in the process of cathode copper production, purity minimum 99.95 wt. % Cu, is the process of electrolytic refining the anode copper.
In the period until the 1990s, the copper production from copper sulfide concentrates, which is concentrated in Serbian in the Mining and Smelting Basin (RTB) Bor, presented almost 50%, and since 2003 it accounts 20% of the total European copper production [7, 8] . Due to the confirmed ore reserves of about 700 million tons, and the presence of Au and other precious metals, the mining and metallurgical activities on this site are also expected in the future. Exploitation of these ore reserves in RTB Bor and extraction of metals lead to the pollution of region by contamination of soil, air, surface and groundwater. Mining and metallurgical activities also have a negative impact on the health of population of this region.
Due to the imperfection of technological process of ore processing in the immediate vicinity of Bor, it was delayed about 250 000 t of open pit overburden and 88 000 t of flotation tailings which contain hazardous and dangerous materials such as copper, nickel, arsenic, zinc, antimony, mercury, chromium, bismuth. Such large quantities of mining waste require large areas for disposal [9] . In the area of disposal the mining waste, the acid mine water is generated acid mine drainage (AMD) from the mine wastes containing sulfide-rich minerals. Sulfide minerals, mainly pyrite (FeS 2 ), often present in the mine wastes, can generate AMD when they come in contact with water and O 2 . The oxidation of pyrite produces H 2 SO 4 reducing pH in solution. Generally, the pH drops to values below 4, which causes toxic metals to dissolve. Low pH conditions involve the growth of acidophilic bacteria Thiobacillus ferroxidans [10] . These bacteria have the ability to oxidize aqueous Fe(II) to Fe(III) which is then the principal agent for pyrite oxidation in an aerobic or anaerobic environment. At pH <2.5, a near-steady-state cycling of Fe occurs via the oxidation of primary sulfides by Fe 3+ and the subsequent bacterial oxidation of regenerated Fe 2+ [11] . These reactions cannot be carried out without dissolved O 2 [12] .
Waste water, generated during metallurgical treatment of copper ore, also leads to transfer of harmful and dangerous materials into local water ways. There are many new processes for treatment of these wastes and some of them using the cheap, locally available adsorbents [13, 14] .
The following block diagram ( Figure 1) shows a simplified diagram of the production process of cathode copper with the indication of place where the waste solutions are generated.
Treatment of waste solutions, produced during the mining and metallurgical activities in the process of ore mining to the finished product -cathode copper, is the basic pre-condition for their release into local water ways. Many different biological and chemical technologies exist for treatment of acid mine drainage (AMD) and smelter effluents but neutralization is the most commonly used process for the removal of metals from industrial wastewaters because it offers a most cost effective solution applicable to large operating units [15, 16] until different electrochemical and hydrometallurgical processes are often used in recent years [17] [18] [19] [20] [21] . Lime neutralization is most applicable largely due to the high efficiency in removal of dissolved heavy metals combined with the fact that lime costs are low in comparison to alternatives. This treatment essentially consists in bringing the pH of the raw water to a point where the metals of concern are insoluble. These metals therefore precipitate to form minuscule particles. A separation of these precipitates is then required to produce a clear effluent which meets regional discharge criteria. The solid/liquid separation forms a sludge which, depending on the applied process, can contain 1 to 30 wt. % of solids. This sludge must be disposed of in an environmentally acceptable manner. Many studies have demonstrated efficiency of the precipitation in removing various metals (for example, nickel, copper, zinc, cadmium and lead) as sulphide, carbonate and phosphate instead of hydroxide. Besides yield and selectivity, a good knowledge of settling, filterability and dewatering characteristics of the metal precipitates produced is also necessary to evaluate the techno economic performance of different metal precipitation methods.
During the period from 1933 to 1970, the flotation tailing completely degraded the valley of the Bor River, White River and partly Timok. Entire length of the Bor River flow to the emp-ties into the Krivelj River, about 70 hectares of coastal land was polluted by the flotation tailings. It is estimated that the flotation tailings polluted even more than 2000 ha of the most fertile coastal land of the above rivers. In addition to the physical contamination of the coastal land of the Bor River valley by thousands of tons of flotation tailings, the Bor River is constantly polluted by waste water resulting from draining through the flotation tailings and open pit overburden.
Continuous monitoring the quality and quantity of discharged waste water into the Bor River creates a basis for creating the necessary information base that will be the beginning of an integrated waste water management that, as the result of mining and metallurgical activities in RTB Bor, were discharged untreated into the Bor River. The Bor River belongs to the Timok River basin which flows into the Danube, and thus this river and its coastal region are directly polluted by a number of harmful and dangerous metals. In order to determine the impact of flotation tailings on water pollution in the Bor River, the tailings was subjected to the TCLP test as well as the leaching test.
The reason for this characterization is that the drainage water from the flotation tailing dump cannot be physically sampled because this water is drained through the cracks to the municipal sewer where it is mixed with the utility water. Possibility of metal precipitation from drainage water of the Robule Lake will be tested using 10 wt.% lime milk as well as using FeCl 3 and AlCl 3 as coagulants. Dewatering characteristics of the obtained precipitate will be tested in order to define the conditions for further treatment of the obtained residue. By proper management of mine waste water, the economic effect of copper recovery by chemical or electrochemical methods can be achieved in addition to the environmental effect.
Materials and methods
For the purpose of continuous monitoring the quantities and chemical composition of waste water, discharged into the Bor River, at the monthly level, the following samples were taken:
• Drainage water from the Robule Lake,
• Drainage water from the site of flotation tailings deposited on the empty space of the open pit, closed after cessation the exploitation,
• Wastewater generated during metallurgical processes, and
• Water from the Bor River which flows into the above water.
Drainage water of flotation tailing dump cannot be physically sampled because this water is drained into the municipal sewer and thus mixed with the wastewater, utility water. Flotation tailings from Mining and metallurgy copper complex in Bor are deposited on the field, size 380x260 m. Flotation tailing dump, during the earlier period, was sam-pled in eight drill holes in which the samples in quantities of 5 kg were taken at each 5 m in depth to the value of 20 m [22] .
Three samples of 5 kg, originated from the independent drill hole B, were used as representative samples for physic-chemical characterization of determination the material acidity, definition of particle size distribution, apparent density and specific mass, mineralogical analysis as well as the leaching test and TCLP test (B/1-2 m is the sample from depth of 1-2 m from the surface; the sample marked: B/8-9 m is the sample from depth of 8-9 m from the surface and the sample marked: B/15-16 m is the sample from depth of 15-16 m from the surface). The drilling was carried out using the depth prospecting drill set S.K.B-5, by rotary drilling with a simple core tube without the introduction of flush (i.e., dry). Drill holes diameter was 101 mm.
Qualitative-quantitative mineralogical analysis was carried out on a common sample formed from these three samples. Qualitative analysis was carried out using the polarized microscope JENAPOL-U, Carl Zeiss -Jena, and the qualitative analysis was carried out using the software package OZARA v.2.5 in the Pinnacle System for microphotography.
The pH meter WTW INOLAB 720-Series was used to determine the acidity of samples. The sample for determination of acidity was prepared by mixing the flotation tailings with water using the applicable procedure within TCLP test by EPA Test Method 1311 -TCLP.
The water acidity was measured in the field during sampling on the portable waterproof pH meter ROWA as well as in the laboratory conditions after the certain lapse of time using pH meter WTW INOLAB 720-Series.
Flotation tailings is the waste material of extremely uniform structure due to the standard procedure during the flotation process in which the sulfide copper minerals are realized [22] . For these reasons, the sieve analysis of a composite sample, formed from the three samples, was carried out. The method for defining the sieve analysis content depends on the size and type of the raw material. Accordingly, the sieve analysis method was used, in range from 300 to 37 µm. TYLER, MPIF Standard 05 sieving system was used for the sieve analysis, which was confirmed for the last time in 1998 [23] .
Atomic emission spectrometry with inductively coupled plasma (ICP-AAS), carried out on a device SPECTRO CIROS VISION, was used to determine Cr, Ni, As, Pb, Cd, Fe and Mn contents in water samples from the Robule Lake, the samples of drainage water from the flotation tailing dump, delayed in the area of empty open pit Bor and water from the Bor River.
In samples of waste water, generated during the metallurgical process, the elements: Cu and Fe were analyzed using the AAS -Atomic Apsorption Spectrophotometer (Perkin-Elmer -100), the elements: As, Pb, Cd, Zn, Ni and Se using the Atomic Emission Spectrometer with inductively Coupled Plasma-ICP-AES (Spectro Ciros Vision).
For determination the contents of suspended solids, the gravimetric method was used, and the turbidimetry was used to determine the content of SO 4 2- ions in the analysis of all samples.
Standard EPA Test Method 1311-TCLP was used to determine the toxicity of a composite sample formed from materials of various depths of B drill hole, and the EN 12457-2 method was used for testing the waste in accordance with the relevant legislation in Serbia. b. Sieve analysis, Apparent density and Specific mass: Table 1 shows the results of sieve analysis. Since the material reactivity increases with decreasing the particle sizes, and this is about the material in which the content of fractions finer than 0.038 mm is about 40 wt.%, it can be concluded that there are real pre-conditions for generation the acid main drainage AMD [24] . The apparent density was calculated by the following formula:
Results and discussion
where:
V-container capacity, m After disposal of tailings, the present sulfide minerals are exposed to air and atmospheric effects. As the oxidation process results of present sulfide minerals and above all pyrite, as the predominant mineral, the acid water are created. Generally, the oxidation of pyrite from mining wastes under weathering conditions, and further formation of iron (III) could be represented by the following reactions [25 Products of pyrite oxidation are sulphuric acid and iron (III) which further induce oxidation of other sulphide minerals and generation of contaminated Acid Mine Drainages (AMD) with low pH value (2.5-4.5) and increased content of SO 4 and metals ions (Cu, Zn, Pb, As, Cd, Ni i Mn), metalloids. This is confirmed that pyrite (FeS 2 ) serves as a precursor for the formation of acid mine drainage, which contains high amount of sulfate ions, metal ions and metalloids and the pH value of solution is between 2.5 and 4.5 [22] .
d. Chemical characterization: chemical characterization of all three samples (Table 2) showed that the values of content the following elements were below the limits of sensi Values for the content of following elements: Sb, As, Hg, Cd, Mo, Se, Cr, Bi, Sn, were below the sensitivity limits of the applied chemical methods.
By comparison the obtained values and statutory value for testing the waste and leachate water from the landfills of inert, non-hazardous or hazardous waste, it can be seen that the content of Cu in all samples is far higher than the statutory values by which this waste is classified in a group of hazardous waste; that content of Ni and Pb is within maximum allowable values and that the values for Zn content are above the allowed values for samples (B/8-9 m) and sample (B/15-16 m). The obtained results are in a direct conformity with the results of chemical characterization of tailings ( Table 2 ).
The results of EPA Test Method 1311 -TCLP (Table 4) showed that the value of Cu content of 104.4 mg/dm 3 was registered in the sample B/15-16 m almost four times higher than the allowed value according to the current legislation of the Republic of Serbia which is in agreement with the legislation of the European Union, which classifies this waste in a group of toxic waste.
The increased concentration of Cu in the value of 88.1 mg/dm 3 was also registered in B/8-9 m sample while the sample B/1-2 m had lower value than prescribed one. The trend of higher concentrations in samples from lower depths was also observed in other elements that move into eluent during TCLP test. Content values of Sb, As, Cd, Hg, Mo, Ni, Pb, Sr, Cr t in efluent were below the values of detection the applied chemical methods.
Characterization of waste water flowing into the Bor River

Drainage water from the Robule Lake
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Water from the Robule Lake was analyzed over a period of 12 months, from June 2011end-ing to May 2012 ( Regarding to the concentrations of Cu, Zn, Cd, Ni and Fe with the concentration values that correspond to the requirements of surface water Class IV the applicable Rules on dangerous substances in water, it can be seen that the content of all analyzed elements is above the permissible values. Measured values are not also in the range of values defined by the same Rules and the values indicate the fact that it is acid water.
Waste water generated in the metallurgical process
Those are composite samples that present total waste water generated in a part of metallurgical production the cathode copper that includes the following production units: electrolytic copper refining, electrolyte regeneration, production of precious metals and sulphuric acid production (Table 7) .
Comparing the concentration values that correspond to the requirements of surface water Class IV the applicable Rules, it can be seen that the content of all analyzed elements is above the permissible values as follows (mg/dm 3 ) : Cu -0.1; Pb -0.1; Zn -1.0; Cd -0.01; Ni -0.1; Se -0.01; As -0.05; Fe -1.0. Considering the measured pH values with the Rules of prescribed values, it is seen that the values are far lower than the prescribed ones, and by comparison with the pH values for drainage water from the Robule Lake and drainage water from the site of RTH tailing dump, it is seen that the acidity of this water is the highest. Characterization of water from the Bor River is given in the Content of some elements in the Bor River water is also higher than maximum permitted content of for water of Class IV, and the Bor River water must fall into the water with hazardous substances that may endanger the life or health of humans, fish and animals.
Waste water flow from the specified locations is measured quarterly and values are shown in Table 9 , where it is seen that the lowest value was measured during the winter while the values for the fall and spring are close.
Neutralization process and dewatering characteristics of metal precipitate
The principle of lime neutralization of acid mine drainage (AMD or ARD for acid rock drainage) lies in the insolubility of heavy metals in alkaline conditions. By controlling pH to a typical set point of 9.5, metals such as iron (Fe), zinc (Zn), and copper (Cu) are precipitated. Other metals such as nickel (Ni) and cadmium (Cd) require a higher pH, in the range of 10.5 to 11 to effectively precipitate the hydroxides. The precipitates can be formed individually as minuscule particles smaller than a single micron.
Neutralization and metal precipitation process was carried out by adding 10 % lime milk in the sample from Robule Lake. The mass of lime is calculated relative to chemical composition of waste water. Compounds FeCl 3 and AlCl 3 were used as coagulants. The effect of different operating parameters on the precipitate characteristic was investigated. The precipitation process is stopped on pH = 9.88. Obtained precipitate settling, compaction and dewatering characteristics were studied too, as a part of this research. First step of the neutralization process is lime dissolution. This lime must first be hydrated and fed to the process as slurry. The hydrated lime then dissolves to increase pH. The increased pH then provides hydroxide ions which combine with the dissolved metals to produce precipitates. The following equation shows the general reaction for produce the metal precipitate [27] :
The reaction (5) The complete chemical characterization of water samples after the neutralization process showed that the values of Cu, Fe, Mn, Cd, Ni, Zn were below the sensitivity of applied chemical methods
Dewatering characterization
The mass of sample of 5 g was transferred to a measuring cylinder of a 50 ml. The sample level was measured. After adding the volume of 30 ml distillated water, the level of suspension was measured. Then water was added to ratio solid: liquid = 1: 8. After the manual stirring, solution was left to settle and measured the time of settling. Filtration was carried out by gravitational and vacuum methods. Water volume, which can be separated by gravity, was measured in measuring cylinder using filtration of suspension with filter funnel through filter paper marked Quantitative Ashless, 100 circles 5A, 125 mm, and ash contents of filter paper 0.11 mg /circle. Protocols of experiments were the same for both methods gravitational and vacuum and in both cases of neutralization. Only difference was that, in the case of vacuum method of dewatering, the suspension was vacuum filtered through glass filter crucible, G3.
Dewatering by gravitational method
Obtained results are presented in Table 11 and it could be seen that for all samples are similar. The addition of different coagulant reagents did not give a difference in results of dewatering in different samples. Filtration times are similar too.
Obtained results show that settling of sludge comes in a short time and the content of liquid phase in samples after filtration is about 90 %. 
Dewatering by vacuum method
The obtained results for vacuum filtration are similar. By comparing the values for dry and wet samples it is obvious that the usage of vacuum filtration achieves better dewatering of liquid phase from sample, percentage of water in the samples is about 50 %. 
Conclusion
The results of leaching and toxicity tests of flotation tailings, i.e. the solid waste, originated as the result of mining-metallurgical activities in the area of East Serbia, showed that it is a dangerous and toxic waste. This waste is a constant source of water, soil and air pollution.
The results of chemical analyses of waste water, generated from the investigated sites, showed that water individually presents a pollution source of the Bor River.
The precipitation process of water from the Robule Lake has confirmed the effective purification of this water prior to discharge into the Bor River.
Content of some elements in the Bor River is higher than the statutory maximum allowable lead content for water of the Class IV, and that neither this water should be discharged into the local water ways. It can be said that the Bor River water must be placed into the water with dangerous substances that may endanger the life or health of humans, fish and animals.
The proposed Waste Water Management, in order to reduce the water pollution in the Bor River, cannot immediately or within a short time bring in a properly and clean condition one "dead" river and the black ecological point (or rather the river in which even the bacteria cannot survive). However, what gives a practical contribution of this work to cleaner water in the Bor River, in the coming period, is to establish a mechanism for waste water management. The implementation of waste water management creates the conditions for gradual reduction the newly-formed acid mine water, with the ultimate aim of completely control its creation in the future.
